There is an emerging hypothesis that exposure to cadmium (Cd), mercury (Hg), lead (Pb), and selenium (Se) in utero and early childhood could have long-term health consequences. However, there are sparse data on early life exposures to these elements in US populations, particularly in urban minority samples. This study measured levels of Cd, Hg, Pb, and Se in 50 paired maternal, umbilical cord, and postnatal blood samples from the Boston Birth Cohort (BBC). Maternal exposure to Cd, Hg, Pb, and Se was 100% detectable in red blood cells (RBCs), and there was a high degree of maternal-fetal transfer of Hg, Pb, and Se. In particular, we found that Hg levels in cord RBCs were 1.5 times higher than those found in the mothers. This study also investigated changes in concentrations of Cd, Hg, Pb, and Se during the first few years of life. We found decreased levels of Hg and Se but elevated Pb levels in early childhood. Finally, this study investigated the association between metal burden and preterm birth and low birthweight. We found significantly higher levels of Hg in maternal and cord plasma and RBCs in preterm or low birthweight births, compared with term or normal birthweight births. In conclusion, this study showed that maternal exposure to these elements was widespread in the BBC, and maternal-fetal transfer was a major source of early life exposure to Hg, Pb, and Se. Our results also suggest that RBCs are better than plasma at reflecting the trans-placental transfer of Hg, Pb, and Se from the mother to the fetus. Our study findings remain to be confirmed in larger studies, and the implications for early screening and interventions of preconception and pregnant mothers and newborns warrant further investigation.
INTRODUCTION
Chemical exposures during sensitive windows of development, mainly in utero and in the first few years of life, could have a role in chronic disease development.
1 Cadmium (Cd), mercury (Hg), and lead (Pb) have garnered great attention because of their widespread exposure worldwide, trans-placental passage, evidence of fetotoxicity, multi-organ adverse effects, and ability to interact with the genome and the epigenome. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Numerous studies have provided evidence that prenatal or postnatal exposure to Hg and Pb is associated with neurological dysfunctions in children. 12, 13 In addition to neurotoxicity, findings from experimental and epidemiological studies suggest that metals such as Cd, Hg, and Pb have a role in cardiometabolic disease. [14] [15] [16] Increasing evidence also supports that moderate-to-high levels of Se, an essential metalloid with antioxidant properties, could increase cardiometabolic risk. 17 The objectives of this study were to evaluate maternal exposure to Cd, Hg, Pb, and Se assessed by concentrations of these elements in plasma and red blood cells (RBCs), and examine the degree of mother-to-fetus trans-placental passage of these elements as measured by the concentration of these elements in umbilical cord plasma and RBCs. Furthermore, we investigated the longitudinal patterns of Se, Cd, Hg, and Pb in maternal, child cord blood, and postnatal RBCs. We studied 50 mother-infant pairs enrolled in the Boston Birth Cohort (BBC), one of the largest longitudinal, predominantly urban African-American birth cohorts in the US. 18 Our study aimed to fill in several research gaps. First, there are sparse data on early life metal exposures and maternal-fetal transfer in high-risk US urban African-American populations. 19, 20 Second, few studies have simultaneously measured concentrations of Cd, Hg, Pb, and Se in plasma and RBCs of mothernewborn pairs at birth. As such, little is known about the relative levels of Cd, Hg, Pb, and Se in maternal and fetal RBCs versus plasma samples, and the utility of RBCs versus plasma to reflect the trans-placental transfer of these elements. Third, few studies have assessed longitudinal changes in metal biomarkers in the first few years of life, especially in urban African-American populations. Dietrich 21 and Ernhart 22 examined a single Pb exposure of children in predominately African-American populations from Cincinnati and Cleveland, OH, respectively, and found continuously elevated blood Pb levels up to 24 months after birth. Bellinger et al. 23 examined prenatal and postnatal Pb exposure of children from birth to 2 years of age in a predominantly white population from Boston, MA, USA, and found a similar trend of continuously elevated blood Pb levels at 6, 12, 18, and 24 months after birth. Sakamoto et al. 24 further examined changes in Se, Cd, Hg, and Pb concentrations during the first 3 months of life among breastfed Japanese infants. They found dramatically declined Hg and Se levels in infant RBCs as compared with cord RBCs, but constant Pb and Cd levels from birth until the end of the 3-month study period. To date, few studies have examined the dynamic change of multiple metal exposures assessed at birth and in early childhood.
MATERIALS AND METHODS

Study Population and Procedure
We studied 50 African-American mother-infant pairs randomly selected from the BBC cohort. Detailed information on sample enrollment, data collection, and follow-up has been given previously. 25 Briefly, the motherinfant pairs were enrolled and maternal venous blood samples were obtained 24-72 h after delivery. Mothers were interviewed by trained research staff using a standardized questionnaire. Umbilical venous blood and maternal blood were collected at birth. Clinical information was obtained by review of maternal and infant medical records. The postnatal follow-up visits were aligned with the pediatric primary care schedule. Venous blood samples were collected at follow-up visits, with an age range of 6-39 months. Written informed consent was obtained from the mothers. The study protocol and informed consent were approved by the Institutional Review Boards of Boston University Medical Center, Ann & Robert H. Lurie Children's Hospital of Chicago, and Johns Hopkins Bloomberg School of Public Health.
Measurement of Cd, Hg, Pb, and Se
We measured levels of Cd, Hg, Pb, and Se in 50 pairs of maternal and cord blood samples (plasma and RBCs). We also measured 39 child postnatal plasma and RBC samples from the 50 mother-infant pairs. The mean age of the children at the time of taking their postnatal samples was 12.5 months (ranging from 6 to 39 months). In addition, we measured levels of Cd, Hg, Pb, and Se in 17 pairs of cord blood samples, comparing whole blood with RBC samples to evaluate their correlations.
Plasma and RBCs were separated by centrifugation and kept frozen at À 80 1C for future metal analyses. The vials used for sample collection and storage were certified to be free of Cd, Hg, Pb, and Se elements. Aliquots of the samples (0.5 ml) were transported on dry ice to the Department of Health and Mental Hygiene (DHMH) State Laboratory in Baltimore, MD, USA, for metal analyses. The DHMH laboratory maintains CLIA and EPA certifications for the analysis of trace metals in blood, urine, and drinking water. All laboratory analyses were blinded to the characteristics of the study participants. Total Cd, Hg (including inorganic and organic Hg), Se, and Pb levels in RBCs, plasma, and whole blood samples were determined by inductively coupled plasma mass spectrometry (ICP-MS), using the Centers for Disease Control and Prevention (CDC) laboratory method CTL-TMS-3.01 26 for testing Cd, Hg, and Pb in blood, and adapted for testing other trace metals such as Se in blood. All metals were determined in the same run. Laboratory reagent blanks, laboratory-fortified blanks, laboratory-fortified matrix samples, sample duplicates, reporting level check standards, continuous calibration verification, and external reference materials (Custom Assurance Standard for Pb, Hg, and Cd; Claritas PPT Grade Selenium Standard for Se; both from SPEC Certiprep) were analyzed in every run and met the acceptable criteria. One in every 10 samples was duplicated and spiked. Limits of detection (LOD) for Cd, Hg, Pb, and Se were 0.04 ppb, 0.02 ppb, 0.02 mg/dl, and 4.95 ppb, respectively. The number of samples with Cd, Hg, Pb, and Se levels below the LOD was 22, 0, 5, and 0 for maternal plasma (50 samples in total), 0, 0, 0, and 0 for maternal RBCs (50 samples in total), 31, 1, 3, and 1 for cord blood plasma (50 samples in total), 22, 0, 0, and 0 for cord blood RBCs (50 samples in total), and 12, 0, 0, and 0 for child RBCs (39 samples in total). For samples below the LOD, the metal concentrations were replaced by the LOD divided by the square root of two. The intra-assay coefficients of variation for Cd, Hg, Se, and Pb were 2.1%, 2.4%, 5.0%, and 1.7%, respectively.
Assessment of Birth Outcome
As detailed in our published report, 27 gestational age was assessed on the basis of both the first day of the last menstrual period and the early prenatal ultrasonographic results from medical records. Preterm birth is defined as gestational age o37 weeks, whereas term birth is defined as Z37 weeks of gestation. Birthweight was abstracted from medical records and categorized into two groups: normal birthweight: birthweight Z2500 g; and low birthweight: birthweighto2500 g.
Statistical Methods
The levels and distributions of Cd, Hg, Pb, and Se in maternal, cord, and postnatal blood were described by geometric mean (95% confidence intervals (CI)), median, interquartile range, and min and max values. Values for Cd, Hg, Pb, and Se were logarithmically transformed for statistical analyses. The comparison was tested using the t-test. Graphic plots, correlation coefficients (r), and linear regression models were used to assess the association between metal levels in maternal and cord blood plasma or RBCs. All statistical analyses were performed using SAS v.9.3 (SAS Institute, Cary, NC, USA).
RESULTS
The characteristics of the 50 mother-infant pairs randomly drawn from the BBC are shown in Table 1 . In general, Hg, Se, and Pb levels were much higher than the LOD in both RBCs and plasma of mothers and infants. In contrast, for a large portion of the RBC and plasma samples, the Cd level was close to or below the LOD. As a result, Hg, Se, and Pb were detectable in all RBC and most plasma samples, whereas Cd was undetectable in many RBC and plasma samples. and Se in maternal and cord RBC samples are shown in Table 2 . There were no strong correlations among any of the elements in either maternal or cord RBCs. Maternal-fetal transfer was assessed by both maternal/cord blood metal exposure correlations and cord/maternal blood ratios. Cd, Hg, Pb, and Se concentrations were higher in RBCs than in plasma for both maternal and cord blood samples (Table 3) . Hg, Pb, and Se concentrations in maternal and cord RBCs were strongly correlated, with Hg having the highest correlation (r ¼ 0.96) and Se the lowest (r ¼ 0.72) (Figure 1 ). The corresponding correlations in plasma were weaker, ranging from 0.43 for Pb to 0.77 for Hg. Correlations between maternal and cord concentrations of Cd were 0.24 in RBCs and 0.45 in plasma. As presented in Table 3 , cord/maternal ratios for Cd, Hg, Pb, and Se in RBCs were 0.07, 1.53, 0.61, and 1.09, respectively. For each of these four elements, cord/maternal ratios in plasma varied from those found in RBCs. For example, the cord/maternal Hg ratio was 1.53 in RBCs but was much lower in plasma (0.67).
As for those in the preterm birth category were higher than for those in the corresponding term birth category, and the geometric means of Hg concentrations for those in the low birthweight category were higher than for those in the corresponding normal birthweight category (Table 4) . Figure 2 shows the longitudinal patterns of Cd, Hg, Pb, and Se concentrations in maternal, cord, and early childhood (6-39 months of age) RBCs among 39 mother-infant pairs who had complete exposure data. Geometric means of Cd, Hg, Pb, and Se in maternal, cord, and early childhood RBCs among these 39 mother-infant pairs are shown in Table 5 , and the results of the other distributions (minimum, Q1, median, Q3, and maximum) can be found in Supplementary Finally, we examined the concentrations of these elements in 17 subjects with paired whole blood and RBC samples. As shown in Supplementary Figure 1 , high correlations between RBCs and whole blood (r40.97) were observed for Hg and Pb. Se showed a reasonable correlation (r ¼ 0.8) (data not shown). Cd showed no correlation (r ¼ 0.190) in part due to Cd values in RBCs and whole blood, which were either undetectable or close to the LOD (data not shown).
DISCUSSION
To our knowledge, this is the first study to examine maternal exposure to multiple metals (including Cd, Hg, Pb, and Se) and trans-placental transfer of these elements from the mother to the fetus in a variety of blood mediums in a US urban minority birth cohort. We showed that maternal exposure to Cd, Hg, Pb, and Se was widespread in the BBC, and maternal-fetal transfer was a major source of early life exposure to these elements. In addition, our results suggest that RBCs are better than plasma at reflecting the trans-placental transfer of Hg, Pb, and Se from the mother to the fetus. Finally, this study found significantly higher levels of Hg in maternal and cord plasma and RBCs in preterm or low The values in parentheses represent P value. birthweight births, compared with that in term or normal birthweight births. This pilot study has laid a foundation for future investigations. First, we demonstrated that maternal exposure to Hg, Pb, and Se was widespread in our study samples, drawn primarily from urban African-American populations. By converting the RBC concentrations to whole blood concentrations using the equation reported elsewhere, 28 we compared metal levels in 50 motherinfant paired samples using the current thresholds for intervention suggested by the US government. Our results show that Hg, Pb, and Se were detectable in all whole blood and RBC samples and in most plasma samples. In contrast, Cd was not detectable in a large portion of the samples. The EPA reference value for Hg in blood based on a recommended reference dose for methylmercury is 5.8 mg/l. We found that, after converting to a whole blood equivalent, approximately 12% of cord RBCs and 6% of maternal RBCs had Hg levels above the EPA reference value. However, there have been many arguments for lowering this limit. Jedrychowski's study indicated delays in neurocognitive performance as a result of low-level prenatal exposure to Hg (greater than 0.80 mg/l in cord blood or greater than 0.50 mg/l in maternal blood). 29 The Occupational Safety and Health Administration (OSHA) suggests a threshold of 5 mg/l for the intervention of Cd, and none of the 50 mother-infant pairs were above this level. CDC thresholds for Pb intervention in children and pregnant women are both 5 mg/dl; 30 after converting Pb concentrations in RBCs to a whole blood equivalent, 2% of cord blood samples and 6% of maternal blood samples were above 5 mg/dl.
Supplementary Table 3 shows the estimation of whole blood equivalents based on Cd, Hg, Pb, and Se concentrations in 50 pairs of maternal and cord RBCs and plasma. Overall, the blood Pb and Se levels in this population were either below or comparable to national levels. 31, 32 However, the mean blood Hg level was comparatively higher than the NHANES 2001-2002 estimate Maternal and child concentrations of Cd, Hg, Pb, and Se Chen et al (0.83 mg/l in whole blood). Our results are consistent with previous reports of higher blood mercury levels in the Eastern coastal region of the US as compared with the US as a whole. 33, 34 One possible explanation may be that those who reside along the coast have higher exposure because they eat much more fish and seafood compared with non-coastal residents. 34 We further examined the correlation of metal exposure with gestational age and birthweight in this population. Our results show that low birthweight and preterm delivery are both associated with Hg burden in mothers and cord blood. Xue et al. 35 reported similar results of the observed relationship between elevated Hg levels and increased risk of very preterm delivery. Foldspang et al. 5 reported that high maternal and offspring methylmercury (MeHg) blood concentrations were associated with low mean birthweight. The implications of these results on efforts to prevent low birthweight and preterm birth by screening the mercury burden in maternal blood before or during pregnancy warrant more investigation.
Second, by comparing paired RBC and whole blood data, our study showed that RBCs may serve as an alternative medium to whole blood for metal exposure assessment. Over the past decades, whole blood has been the primary medium for assessing metal exposure, particularly for Hg and Pb. 36 The US government currently uses the concentrations found in whole blood for determining the thresholds for intervention for metal exposure. We evaluated an additional 17 whole blood/RBC pairs to obtain the correlation between whole blood and RBCs. As shown in Supplementary Figure 1 , in our study Hg and Pb concentrations in RBCs were considerably higher than those found in whole blood, and consistent with the cumulative effect of Hg and Pb in RBCs. There were high correlations between RBCs and whole blood for both Hg and Pb (r ¼ 0.98, Po0.0001 for Hg and r ¼ 1.0, Po0.0001 for Pb). The coefficient of correlation between RBCs and whole blood for Se and Cd were 0.80 (P ¼ 0.0001) and 0.19 (P ¼ 0.4641), respectively (data not shown). The low correlation of Cd is likely because the Cd concentration in many of our samples was either close to or below the limit of detection. Our results suggest that RBCs may serve as an alternative medium to whole blood for metal exposure assessment.
Third, our data showed that RBCs better reflect the mother-tofetus transfer of Hg, Pb, and Se compared with plasma. Hg, Pb, and Se all demonstrated strong correlations between maternal and cord blood concentrations of Hg, Pb, and Se in RBCs (r ¼ 0.96, 0.89, and 0.72, respectively; Po0.0001), as shown in Figure 1 . Cd showed a much weaker maternal/cord blood correlation (data not shown) because of the limited trans-placental passage. These results are consistent with those of a similar study reported elsewhere. 37 Our results for cord/maternal ratios in RBCs for Cd, Hg, Pb, and Se (Table 3) are consistent with the results from numerous studies showing that Hg, Pb, and Se exhibit free transplacental passage from the mother to the fetus, wherease Cd cannot freely pass the placental barrier. 38, 39 Pb transport into placenta cells has been reported to be through passive diffusion. 6 Methylmercury (MeHg) can easily pass through the placenta via active transport by amino acid carriers, 40 which may explain the bioaccumulation of Hg in cord blood as demonstrated by the dramatically higher cord/maternal ratio in RBC samples.
However, the results that we obtained using the plasma samples varied from those we obtained using RBC samples. While the results from the RBC samples unambiguously demonstrated free trans-placental transfer of Hg, Pb, and Se, this was less well-reflected in plasma. This finding suggests that RBCs are a better medium than plasma for measuring the trans-placental transfer of metals. For example, we found a cord/maternal RBC ratio of Hg of 1.53 but a cord/maternal plasma ratio of Hg of 0.67, as shown in Table 3 . Sakamoto et al. 41 reported the mean cord/maternal RBC ratio of Hg to be 1.63, which is close to our result in RBCs. A higher Hg concentration in cord blood compared with maternal blood has also been reported in several other studies. 37, 42, 43 Hg in blood is composed of an organic (methylmercury), metallic (mercury vapor Hg 0 ), and inorganic form of Hg. Compared with the metallic and inorganic forms of Hg, which mostly come from industrial/occupational exposure, MeHg represents the focus of our concern from a public health standpoint because the majority of Hg exposure in the general population is likely from MeHg.
44, 45 Typically, MeHg exposure comes from sources such as fish and seafood intake, which has been reported by numerous studies to cause severe neurotoxicity in children at a blood MeHg level much higher than those observed in our cohort study. 12 However, the health effects of lower level exposure to MeHg remain to be determined. As mentioned in the Methods section, the ICP-MS used in our assessment measured the total metal level regardless of its inorganic or organic form. Therefore, one possible explanation for the considerably lower cord/maternal Hg ratio in plasma, as shown in Table 3 , is that inorganic Hg accumulates in the plasma of neonates and young offspring 46, 47 and tends to be trapped in the placenta when trying to pass through the placental barrier. 48 In contrast, the methyl form of Hg is capable of readily crossing the placenta, 42 and is mostly stored in RBCs (more than 90% of Hg in RBCs is known to be in the methyl form). 49 It appears then that measuring Hg levels in plasma underestimates the mother-to-fetus transfer of the more toxic MeHg. Therefore, our data underscores that an assessment of Hg in RBCs better reflects the trans-placental transfer of MeHg (the more toxic form of Hg) from the mother to the fetus.
Meanwhile, the correlations between maternal and cord plasma for Hg, Pb, and Se (bottom panels) were all lower than those between maternal and cord RBCs (top panels), as shown in Figure 1 . This difference is likely due to the fact that most transferred metals are stored in RBCs in the fetus, as evidenced by our results, as shown in Table 3 , that the concentrations in RBCs were much higher than in plasma for all of the tested metals. Therefore, the metal concentrations in plasma would be subject to transient variation, 50 again implying that RBCs may be a better medium than plasma for reflecting trans-placental passage.
Lastly, we examined the longitudinal pattern of prenatal and postnatal exposures by linking levels of Cd, Hg, Pb, and Se in maternal, cord blood, and postnatal blood samples. Although breastfeeding can be a major source of maternal-fetal transfer that contributes to postnatal exposure, metal levels in breast milk are noticeably lower than in blood. 24 The decline in Hg levels in children 1 year after birth can be attributed to several factors: (1) the gradually decaying metals accumulate in fetal RBCs over time (half-life is 40-50 days for MeHg, 3-4 months for Cd, and 35 days for Pb); (2) the ceasing trans-placental transport of toxic metals from the mother to the fetus after birth; and (3) the lower possibility of Hg intake during the first year of life-for example, no or very little fish consumption in the daily diet and comparatively lower Hg levels in breast milk (demographic characteristics in Table 1 show that 80% of the children in our study used breastfeeding as a food source in early childhood). On the other hand, Pb levels were elevated by B50% in postnatal samples as compared with those from the fetus.
Sakamoto et al. 24 studied 16 mother-child pairs from the population in Fukuoka, Japan, for a study of postnatal Cd, Hg, Pb, and Se levels. Compared with our study population, the mothers and babies included in Sakamoto's study both had much higher Pb and Cd levels. Their study showed that, after 3 months of breastfeeding, Hg and Se levels declined by B40% and 25% in postnatal blood, respectively, as compared with that in cord RBCs, which is consistent with the trend shown in our results. However, whereas our results show an elevation in Pb levels at the postnatal data point compared with fetal levels, the subjects in their study experienced almost no change in Pb level. It is well known that populations from different ethnic groups and different geographic regions can experience completely different levels of metal exposures due to different dietary habits and proximate sources of exposure. In addition, genetic and epigenetic factors may also contribute to variations in metal exposures.
Ronchetti et al. 51 suggest that rapid bone turnover, which takes place during the first 12 months of life, causes elevated Pb levels in blood as a result of the mobilization of bone Pb stored during pregnancy back into circulating fluids. 52 A previous study reported that Pb can be retained in bone with a half-life on the order of decades. 53 However, it appears that a shorter half-life of Pb should be expected in children's bone because of the rapid bone remodeling that takes place during the early years. 53, 54 Although there is ambiguity regarding how much the mobilization of bone Pb contributes to Pb levels in infant blood, the results of our study, showing that young children in early childhood experience elevated Pb levels, are consistent with those of Ronchetti. 51 Both studies imply that an elevated Pb level after birth is likely to be related not only to metal exposure after birth but also to metal exposure before birth-that is, maternal exposure during or before pregnancy.
It is clear that the accumulation of Hg in the fetus as a result of trans-placental passage and the elevation of Pb levels in children during early childhood are both related to maternal prenatal exposure. Furthermore, numerous studies have shown that maternal exposure to Hg and Pb is positively related to neurotoxicity in children. [55] [56] [57] The research of Hu et al. 58 showed that first-trimester measures of Pb in maternal blood were predictive of adverse neurodevelopment in children later in life. Ronchetti et al. 51 further proposed that maternal blood Pb levels represent the existing equilibrium between endogenous and exogenous sources of Pb in which endogenous sources, such as lifetime maternal Pb storage in bone and correspondent Pb mobilization from bone to blood during pregnancy, may prominently contribute to neurotoxicity in young children.
Clinical and Public Health Implications
In 2012, the CDC lowered the ''level of concern'' for Pb in children's blood from 10 to 5 mg/dl. In 2010, the CDC issued the first guidelines regarding the screening and management of pregnant and lactating women who have been exposed to Pb, and recommended follow-up blood Pb testing for pregnant women with BLL Z5 mg/dl and their newborn infants. Meanwhile, the American College of Obstetricians and Gynecologists (ACOG) recommends evaluating pregnant and breastfeeding women for their individual risk for environmental Pb exposure. However, more action is needed to urge public concern on this issue. To date, only New York State, New York City, and Minnesota have issued Pb screening regulations and follow-up recommendations for pregnant women by physicians or other health-care providers. 30 The results from our prospective cohort study support the CDC's new guidelines regarding the screening and management of pregnant and lactating women who had been exposed to Pb. As our study is based on a predominantly urban African-American population, which has not been well studied, our results may be particularly relevant to this high-risk population.
Early blood Pb testing not only facilitates the identification of an exposure source but also represents an important step toward early intervention and clinical decision-making. Previous studies 48 have shown that prenatal calcium supplements when given to pregnant women may limit Pb mobilization in bone and thus provide a solution to reduce the adverse effects of circulating maternal Pb on neurodevelopment of the fetus during pregnancy. Therefore, our results suggest that, once risk to exposure is indicated, blood Pb testing in pregnant women or those planning for pregnancy should take place as early as possible, ideally at preconception or during early pregnancy.
Our results, along with those from the other studies noted above, also raise a question as to whether screening women for Hg at preconception or during early pregnancy should be considered to protect the growing fetus and young children from exposure to toxic Hg. Although pregnant women are advised to be careful of Hg intake (e.g., to choose fish and seafood that are lower in MeHg), currently there are no guidelines regarding blood Hg screening in pregnant women or children. One possible reason is the uncertainty on the adverse effects such as developmental neurotoxicity of low-level prenatal exposure to MeHg. 59 However, our results show that, in this urban African-American population, Hg levels in cord blood were 50% higher than in maternal blood. As a result, blood Hg level in 12% of newborn infants in our study exceeded the EPA reference value as compared with 3% of the mothers. More importantly, we found significantly higher levels of Hg in maternal and cord plasma and RBCs in preterm or low birthweight births, compared with that in term or normal birthweight births. Both preterm and low birthweight births are associated with high infant mortality and a wide range of postnatal morbidity. 60 Although the adverse effects of lower blood Hg levels remain to be determined, our results showed significant fetal bioaccumulation of Hg from the trans-placental passage of maternal Hg exposure to the fetus, which puts infants at a much higher risk than mothers for adverse outcomes. Future studies are needed to generate additional evidence and develop cost-effective strategies, including how to identify preconception and pregnancy women at high risk of Hg exposure; what would be safe and effective interventions during pregnancy for women with high blood level of Hg; and how to minimize adverse health effects of in utero Hg exposure on the offspring.
In addition to the well-known neurotoxic effects of high levels of Cd, Hg, and Pb, there is growing evidence that Hg, Pb, Cd, and Se exposures are associated with the risk for diabetes, hypertension or other metabolic diseases. [14] [15] [16] 61 Environmental exposures to these elements may in part explain the rising prevalence of pre-and peri-natal metabolic abnormalities seen in vulnerable populations. For example, in the BBC, over 50% of mothers are overweight, 15% of mothers have hypertensive disorder, and 4.6% had gestational diabetes during pregnancy. While the Risk Characterization Handbook of the US Environmental Protection Agency recommends risk assessment in vulnerable populations, 62 there has been a particular lack of prospective birth cohort studies in predominately African-American populations to assess exposure to Cd, Hg, Se, and Pb in utero and during early childhood, which have been recognized as the most vulnerable periods for environmental exposures and epigenetic alterations, as well as critical stages for adipose tissue development, metabolic programming, and subsequent risk of metals. [63] [64] [65] [66] [67] [68] [69] [70] [71] A major limitation of this study was the small sample size. A similar study with a larger sample size should be conducted in the future.
In conclusion, this study showed that maternal exposure to Hg, Pb, and Se was widespread in the study samples from the BBC. We found a high degree of maternal-fetal transfer for Hg, Pb, and Se. In particular, the Hg level in the cord RBCs was 1.5 times higher than that found in their mothers (an evidence of fetal bioaccumulation). Correlations between maternal and cord, Hg, Pb, and Se levels were higher in RBCs than in plasma. This study also showed changes in metal concentrations in the first few years of life, and found decreased levels of these elements, except for Pb, in RBCs during early childhood. Our results suggest that maternal-fetal transfer is a major source of early life exposure to Hg, Pb, and Se. Moreover, higher maternal exposure to Hg had adverse effects on birthweight and gestational age. Our study findings remain to be confirmed in larger studies, and the implications for future screening and interventions of preconception and pregnant women and newborns warrant further investigation.
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